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Horse liver phosphopantothenoylcysteine d carboxylase (EC 4.1.1.36) is rapidly inactivated by N-acetoacetylation with 
diketene following a pseudo-first-order kinetics: the presence of substrate quantitatively protects against this inactivation. 
Histidine photo-oxidation with methylene blue or rose bengal brings about the total loss of activity. These results indicate 
the presence of functional lysyl and histidyl groups at the active site of the enzyme. The substrate sulphydryl group is 
essential for enzyme activity. Enzymatic decarboxylation is proposed to result from a combined action of the keto group 
of the enzyme-bound pyruvate protonated by an essential histidine and a protonated amino group of a lysine. 
Phosphopantothenoylcysteine d carboxylase; Pyruvate; Functional residue; (Horse liver) 
1. INTRODUCTION 
Phosphopantothenoylcysteine decarboxylase 
(EC 4.1.1.36) catalyzes the decarboxylation of 
4’ -phosphopantothenoyl-L-cysteine to 4’-phos- 
phopantetheine. The reaction is a key step in coen- 
zyme A biosynthesis [l] and represents in mam- 
mals the only known mode to decarboxylate cys- 
teine [2]. The enzyme purified from bacterial 
sources [3] and rat and horse liver [4,5] does not 
contain PLP but pyruvate [6] linked to the enzyme 
as an ester rather than as an amide [7]. 
Few models have been proposed to describe the 
catalytic mechanism of the bacterial and rat liver 
enzymes [3,8]. To elucidate the molecular basis for 
horse liver PPCDC catalytic activity we initiated 
chemical modifications of the enzyme amino acid 
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residues and we tested as potential substrates PPC 
with a modified sulphydryl group. 
These experiments indicate that the enzyme has 
functional lysyl and histidyl groups. Moreover the 
substrate sulphydryl group is strictly required for 
enzyme activity. 
2. MATERIALS AND METHODS 
PPCDC was purified as described in [5]. Enzyme assays were 
carried out by measuring the 14COz released from labeled PPC 
[9]. Various reagents for chemical modifications were used at 
the concentrations indicated in the text; modifications were 
usually carried out at 25°C in 50 mM Hepes buffer, pH 7.5 or 
8.5, with 0.25 mg/ml of protein and, when used, 0.5 M urea, 
a concentration [9] which favours access to the enzyme active 
site of either the substrate or the modifier. To terminate the 
reactions, aliquots were diluted at least 20-fold in the assay mix- 
ture for PPCDC activity. Residual reagents did not interfere 
with activity assays. Histidine photochemical oxidation of 
1.0 mg/ml enzyme solution in 50 mM phosphate buffer, pH 
7.6, was performed with methylene blue or rose bengal, 0.01% 
(w/v), at 15°C by a 150 W light source, placed at 10 cm from 
the incubation mixture. After 10 min the dye was removed by 
gel filtration on Biogel P6. The dyes had no effect on enzyme 
samples shielded from irradiation. To exclude the involvement 
of the SH groups in the inactivation exerted by the dye, the en- 
zyme was treated with 1 mM pMB prior to the addition of the 
reagent and the succeeding photo-oxidation. The activity of the 
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sample treated with both the pMB and the dye measured after 
mercaptoethanol addition was identical with that found for the 
enzyme treated with the dye alone (table 1). 
To irreversibly modify the substrate sulphydryl group, 
radiolabeled PPC was first reduced by a 25-fold excess of cys- 
teine under a nitrogen stream at pH 8.5 Hepes, for 30 min. The 
cysteine was then removed by Dowex 50 WX4, H* and the solu- 
tion concentrated by rotary evaporation under reduced pressure 
at 30°C. Substrate sulphydryl groups were titrated with 
Ellman’s reagent [lo]. 
Reduced PPC was supplemented with bromopyruvic acid in 
a 1:2 ratio, in 1 M phosphate buffer, pH 8.0, at room 
temperature; the pH was maintained at 8.0 (paper) with diluted 
NaOH. The reaction was stopped after 15 min by adding 
2-mercaptoethanol stoichiometric to bromopyruvate. Reduced 
PPC was methylated by adding a 20-fold excess of 
iodomethane. After the reaction was completed, the excess of 
iodomethane was removed by rotary evaporation under reduced 
pressure. Methylation of substrate sulphydryl group was con- 
firmed by NMR detection of the S-methyl group signal (singlet 
at 2.1 6 relative to DSS as internal standard in DzO). Both 
modified substrates were tested for PPCDC activity immediate- 
ly after preparation. All reagents were from Sigma. 
3. RESULTS 
Incubation of PPCDC with increasing diketene 
concentrations in 50 mM Hepes buffer, pH 8.5, 
results in a time-dependent loss of enzyme activity 
(fig.1). The inactivation process goes to comple- 
tion following a pseudo-first-order kinetics. The 
slope of the double logarithmic plot of the, 
reciprocal of the half-times of inactivation against 
diketene concentration [l l] yields a reaction order 
of 0.9 with respect to diketene, indicating that in- 
teraction of at least one molecule of reagent with 
an enzyme site leads to inactivation. The substrate 
protects against diketene inactivation (fig.2) and 
the decrease in the rate of inactivation process 
Table 1 
Enzyme photooxidation 
Reagent Cont. pH Time Activity 
(w/v) (min) (Vi/V, X 100) 
None - 7.6 10 100 
Rose bengal 0.01% 7.6 10 0 
Rose bengal 
(shielded) 0.01% 7.6 10 100 
Rose bengal 
+lmMPMB 0.01% 7.6 10 0 
Rose bengal 
+lmMPMB 
(shielded) 0.01% 7.6 10 100 
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Fig.1. Time course of PPCDC inactivation by diketene. 
PPCDC was incubated in 50 mM, Hepes buffer, pH 8.5, with 
0.18 (a-+), 0.37 (M), 0.55 (H), 1.15 (+--_*) and 
3.00 mM (C--O) diketene. At the indicated times, samples 
were diluted 20-fold and assayed for activity reported as log of 
the ratio of that of the modified enzyme, VI, and the 
unmodified control, V’,, x 100. (Inset) Order of PPCDC 
inactivation with respect o diketene concentration. The data of 
the time course are replotted in the form of log I/te.~ (min) as 
a function of log [diketene]. The slope of the line yields a value 
of 0.9. 
depends on PPC concentration. The pseudo-first- 
order rate constants for inactivation determined at 
PPC initial concentrations ranging from 0.62 to 
2.50 mM were used to determine a 1.1 mM ap- 
parent dissociation constant for the enzyme-PPC 
complex by use of the equation [12]: 
v,/v, = kdkl + Kd 
(1 - va/vcJ 
PW 
(1) 
where Va and V, represent respectively the pseudo- 
first-order rate constants for inactivation in the 
presence and absence of PPC; kz and kl are the 
fractional order rate constants for inactivation of 
free enzyme and enzyme-PPC complex (reaction 
sequences 2 and 4); Kd is the dissociation constant 
for E-PPC (reaction sequence 3): 
E + 0.9 diketene A E (0.9 diketene) (2) 
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Fig.2. Protection by substrate of PPCDC inactivation by 
diketene. The enzyme was modified with 1.15 mM diketene as 
in fig.1 (*--*) and protected with initial PPC concentrations 
of 0.62 (W--S), 1.25 (M) and 2.50 mM (E-4). (Inset) 
Determination of apparent dissociation constant for the E-PPC 
complex. Data are plotted according to eqn 1 in the text. V. and 
V, are the reciprocals of the inactivation half-times (min) for 
protected and unprotected enzyme, respectively. 
K4 E + PPC - E-PPC (3) 
E-PPC + 0.9 diketene 3 E-PPC (0.9 diketene)(4) 
The inset of fig.2 shows a plot of VJV, versus 
(1 - V,/V,)/[PPC]. A straight line passing 
through the origin is obtained demonstrating that 
E-PPC complex is completely protected against 
diketene inactivation, i.e., k2 is very small com- 
pared with kl. The slope of the line yields an ap- 
parent dissociation constant, &, for the E-PPC 
complex of 1.10 mM close to the Km value for PPC 
of 1.43 mM [9]. The involvement of at least one 
lysine residue in the catalytic activity of PPCDC 
was confirmed by the inhibitions exerted either by 
PLP or by TNBS, both prevented by the presence 
of the substrate (table 2). 
Butanedione, 10 mM, in 50 mM borate buffer, 
pH 8, for 90 min yields a 20% inactivation, in- 
dicating that arginyl residue(s) are unessentially in- 
Table 2 
Modification of PPCDC by various reagents 
Reagent 
None 
Urea 
Butanedionea 
Butanedionea + 
Cont. pH Time Activity 
(mM) (min) (Vi/V, X 100) 
100 
500 1.5 60 100 
10 8.0 90 80 
2 mM PPC 
DPC 
DPC + 500 mM 
10 8.0 90 80 
2 7.5 60 70 
urea 
DPC + 2 mM 
2 7.5 60 50 
PPC 
Acetylimidazole 
TNBS 
TNBS + 2 mM 
2 7.5 60 85 
5 1.5 60 100 
1 8.5 10 0 
PPC 
PLP 
PLP + 2 mM 
1 8.5 10 50 
5 8.5 15 30 
PPC 5 8.5 15 80 
a Reaction was in 50 mM borate buffer. All other reactions 
were in 50 mM Hepes buffer 
volved in the enzyme function. The fact that the 
presence of substrate in the K,,, range does not pro- 
tect against the reagent rules out the possible 
catalytic role of arginyl residue(s) (table 2). 
Over a period of 60 min (table 2) a 30% inac- 
tivation is brought about by 2 mM diethylpyrocar- 
bonate at pH 7.5, increased to about 50% by 
addition of 0.5 M urea. The substrate protects 
against this inactivation. Deacylation with hydrox- 
ylamine has not been performed because of the 
high reactivity of PPCDC with carbonyl reagents 
[91* 
Enzyme activity is unaffected by 5 mM 
acetylimidazole within 1 h at pH 7.5. 
Remarkably, enzyme photo-oxidation in the 
presence of methylene blue or rose bengal (see 
details in section 2) causes the total loss of en- 
zymatic activity completely prevented by shielding 
from irradiation. Photo-oxidation of enzyme SH 
groups was ruled out by experiments with pMB 
reported in table 1. To test the importance of the 
substrate sulphydryl group we synthesized the 
methyl and pyruvoyl derivative of PPC. Both are 
not substrates for PPCDC over the concentration 
range from 10m4 to 10e2 M indicating that the 
substrate sulphydryl group is critically involved in 
substrate binding. 
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4. DISCUSSION sulphydryl group as an interacting site with the 
enzyme. 
PPCDC from horse liver has essential ysyl and 
histidyl groups. Lysyl residues are known to react 
selectively with diketene which irreversibly 
modifies PPCDC within 20 min of incubation. 
The protection from diketene inactivation by 
substrate, points to a central role of at least one 
lysyl residue in the catalytic activity of PPCDC. 
The presence of essential ysyl residue(s) was con- 
firmed by the inhibition obtained either by PLP 
(previously observed [9]) or by TNBS both remov- 
ed by the substrate. 
In the field of pyruvate containing enzymes, the 
only well established mechanism is that of histidine 
decarboxylase. In 1970 Recsei and Snell [15] 
demonstrated, by trapping the key intermediate, 
that decarboxylation proceeds via Schiff base for- 
mation, in analogy with PLP-dependent decarbox- 
ylation reactions. 
Pantothenoylcysteine is not a substrate for the 
horse and rat liver enzyme [4,9], indicating that the 
phosphate group is essential for substrate binding. 
Our results indicate that a lysyl rather than an 
arginyl residue [13] binds the negatively charged 
phosphate group, since butanedione in borate buf- 
fer causes a modest loss in activity, unaffected by 
the presence of substrate. 
In PPCDC the Schiff base formation has been 
excluded [8] since in this case the amino group of 
the cysteine moiety of the substrate is engaged in a 
usually very stable and unreactive amide linkage. 
Two different proposals have been therefore ad- 
vanced recently. 
The failure to inhibit the enzyme activity by 
acetylimidazole would preclude any importance 
for tyrosyl residues in PPCDC. 
The mechanism proposed by Aberhard et al. [8] 
in connection with the crucial finding that d el car- 
boxylation is stereospecific, requires the formakion 
of a carbanion stabilized by a C-C interaction 
with the pyruvate keto group. In our opinion the 
formation of a C-C bond for a ‘temporary’ bin- 
ding of the presumed carbanion resulting from car- 
bon dioxide elimination seems unlikely. 
The histidyl residue(s) are essential for enzyme 
activity which is irreversibly lost by photochemical 
oxidation, but remarkably diethylpyrocarbonate 
does not yield the same results as the oxidative pro- 
cedure, giving rise to only a modest inactivation. 
This result indicates that the catalytically impor- 
tant histidine is poorly accessible to the reagent, 
which however reaches the active site in the 
presence of 0.5 M urea (table 2). Further investiga- 
tions on DPC inactivation was not performed since 
this reagent is active towards lysyl residues as well 
[141. 
To supply the appropriate stabilization for an 
analogous carbanion intermediate, Yang and 
Abeles [3] propose the involvement of the pyruvate 
keto group in the formation of a nitrogen ylide. It 
has been reported that sulphur and phosphorus 
ylides are strongly stabilized by resonance and 
other causes, whilst nitrogen ylides are stabilized 
only by field effect [16]. In our opinion the im- 
provement of stability of the intermediate carba- 
nion by the intervention of the nitrogen ylide seems 
too small to explain a so large kinetic effect like 
that required by a catalytic reaction. 
In the horse and bacterial enzyme mild base 
hydrolysis causes the release of pyruvate [3,6], sug- 
gesting that the pyruvoyl group is bound to the 
protein by an ester linkage [7], probably with a 
serine. 
In the light of our experimental results we pre- 
sent a mechanism which seems to satisfactorily ac- 
count for the role of (i) the pyruvate; (ii) the amino 
acid residues essential for the catalytic activity; (iii) 
the stereochemical outcome of the decarboxylation 
PI. 
The importance of sulphydryl groups in PPCDC As shown in fig.3 the substrate at the active site 
has been noted since our first report [9]. Irreversi- of the enzyme undergoes decarboxylation through 
ble modifiers of protein SH groups such as the combined action of the keto group of pyruvate, 
iodoacetamide and 4,4’-bis(dimethylaminodiphe- protonated by an essential histidine, and the pro- 
nylcarbinol) are inhibitors of PPCDC, demon- tonated amino group of the catalytic lysine. 
strating that the enzyme has SH groups involved in The formation of intermediate I requires the 
catalytic activity. The lack of decarboxylating ac- nucleophilic attack of the substrate amide nitrogen 
tivity towards the pyruvate adduct and the methyl on the keto group of the pyruvate followed by pro- 
derivative of PPC stress the role of the substrate ton exchange and dehydration. Unlike amines 
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Fig.3. Proposed mechanism for the enzymatic decarboxylation 
of PPC. 
which easily form Schiff bases, carboxamides are 
very weak nucleophiles and their reactivity towards 
carbonyl groups is generally very sluggish. 
However, successful condensations between car- 
boxamides and particularly reactive carbonyl com- 
pounds [17] like pyruvic acid [18,19], even under 
mild conditions, have been reported. The acid- 
catalysed addition of the amide nitrogen to the 
pyruvic keto group should give an intermediate 
carbinolamide which gives rise in turn to the final 
products. Bicyclomycin [20] and several of its syn- 
thetic analogues can be considered outstanding ex- 
amples of exceedingly stable cyclic carbinolamides 
where a carboxamide group adds to the keto group 
of the cu-keto acid moiety of the molecule. 
In the present mechanism protonation of the 
pyruvate keto group is efficiently carried out by 
the functional histidine. The intermediate I strictly 
resembles the protonated Schiff base proposed by 
Recsei and Snell for histidine decarboxylase [15]. 
Decarboxylation will therefore proceed in the same 
way and the catalytic histidine may intervene again 
to protonate the carbonyl oxygen of the ester 
pyruvate in order to enhance its electron 
withdrawal. Loss of COZ leads to the intermediate 
IIa which can now accept a proton from the pro- 
tonated amino group of the catalytic lysine with 
complete retention of configuration. 
Grigg and co-workers [21] have recently shown 
,,..5, 1 
that 1,3-dipoles ( - c”- N z*C -) intervene in the 
1+ 
decarboxylation of imines of amino acids and pro- 
posed that similar intermediates might be impor- 
tant in the biochemistry of pyridoxal. We suggest 
that this hypothesis may be extended to the 
pyruvate-dependent decarboxylases: thus the in- 
termediate IIa may be regarded as a 1,3-dipole 
(IIb). 
Appropriate trapping experiments with 
dipolarophiles are in progress in order to provide 
experimental evidence in supporting this 
hypothesis. 
The present proposal seems particularly attrac- 
tive since it assigns the same role to the pyruvate in 
pyruvate-dependent decarboxylases and allows the 
unification, at mechanistic levels, of both pyruvate 
and PLP-dependent decarboxylases. 
Acknowledgement: This work is part of a program supported 
by the Italian Ministero della Pubblica Istruzione. 
REFERENCES 
111 
I4 
[31 
141 
PI 
161 
171 
181 
PI 
WI 
PII 
WI 
[I31 
1141 
[151 
WI 
1171 
WI 
Brown, GM. (1959) J. Biol. Chem. 234, 370-378. 
Scandurra, R., Politi, L., Moriggi, M., Barra, D. and 
Cavallini, D. (1977) Bull. Mol. Biol. Med. 2, 172-177. 
Yang, H. and Abeles, R.H. (1987) Biochemistry 26, 
4076-408 1. 
Abiko. Y. (1970) Methods Enzymol. 18A, 354-358. 
Scandurra, R., Moriggi, M., Consalvi, V. and Politi, L. 
(1979) Methods Enzymol. 62, 245-248. 
Scandurra, R., Politi, L., Santoro, L. and Consalvi, V. 
(1987) FEBS Lett. 212, 79-82. 
Tabor, C.W. and Tabor, H. (1984) Adv. Enzymol. 56, 
265-282. 
Aberhart, D.J., Ghoshal, PK., Cotting, J. and Russell, 
D.J. (1985) Biochemistry 24, 7178-7182. 
Scandurra, R., Barboni, E., Granata, F., Pensa, B. and 
Costa, M. (1974) Eur. J. Biochem. 49, 1-9. 
Ellman, G.L. (1959) Arch. Biochem. Biophys. 82,70-77. 
Levy, H.M., Leber, P.D. and Ryan, E.M. (1963) J. Biol. 
Chem. 238, 3654-3659. 
Scrutton, M.C. and Utter, M.F. (1965) J. Biol. Chem. 
240, 3714-3723. 
Riordan, J. and Scandurra, R. (1975) Biochem. Biophys. 
Res. Commun. 66, 417-424. 
Pasta, P., Mazzola, G. and Carrea, G. (1987) 
Biochemistry 26, 1247-1251. 
Recsei, P.A. and Snell, E.E. (1970) Biochemistry 9, 
1492-1497. 
March, J. (1977) Adv. Org. Chem. 2nd edn, p.163, 
McGraw-Hill. 
Cooper, A.J.L., Ginos, J.Z. and Meister, A. (1983) 
Chem. Rev. 83, 321-358. 
Shemin, D. and Herbst, R.M. (1938) J. Am. Chem. Sot. 
60, 1954-1957. 
[19] Shive, W. and Shive, G.W. (1946) J. Am. Chem. Sot. 68, 
117-119. 
[20] Williams, R.M., Tomizava, K., Armastrong, R. W. and 
Dung Jen-Sen (1987) J. Am. Chem. Sot. 109,4028-4035. 
[21] Armstrong, P., Elmore, D.T., Grigg, R. and Williams, 
C.H. (1986) Biochem. Sot. Trans. 14, 404-408. 
196 
